INTRODUCTION
The use of illicit stimulants like cocaine is a major driver of HIV infections world-wide (Strathdee & Stockman 2010; El-Bassel et al. 2014) . Stimulant users tend to engage in high rates of risky behaviors, such as unprotected intercourse with multiple partners, that contribute to the acquisition and transmission of HIV (Khan et al. 2013; Daskalopoulou et al. 2014; Gamarel et al. 2015) . The prevalence of stimulant use is disproportionately high among HIV-positive persons. In a recent study of >3000 patients receiving HIV care in the United States, 9.0 percent used amphetamines and 8.5 percent used crack cocaine in the past 3 months (Mimiaga et al. 2013) , compared with 0.6 percent for amphetamines and 0.7 percent for cocaine in the general population (Substance Abuse and Mental Health Services Administration 2016).
Chronic cocaine use is associated with deficits in reward-based decision making that results in risky choices (Spronk et al. 2013 ). Cocaine users demonstrate impairments on component decision-making processes, such as risk-taking propensity, inhibitory control and preference for small, immediate over large, delayed rewards (MacKillop et al. 2011; Smith et al. 2014; Wittwer et al. 2016) . These impairments are thought to be related to dysfunction within the corticostriatal system. Compared with healthy controls, cocaine users have diminished endogenous dopamine function, attenuated sensitivity of the reward circuit to non-drug cues and decreased baseline activity within prefrontal regions implicated in decision-making processes . These deficits may be further exacerbated by the effects of HIV on the brain (Buch et al. 2012) .
Decision-making processes also appear to be affected by HIV. On gambling tasks, HIV-positive persons, compared with HIV-negative persons, have been found to make riskier choices, which may be driven by neurocognitive impairment (e.g. Iudicello et al. 2013; Fujiwara et al. 2015; Martin et al. 2016) . HIV-associated neurocognitive disorders remain prevalent, including prominent deficits in executive function (Heaton et al. 2010; Sacktor et al. 2016) . During cognitively demanding tasks, HIV is generally associated with hyperactivity in brain regions implicated in executive control, including the prefrontal cortex (PFC), posterior parietal cortex (PPC) and striatum (Plessis et al. 2014) . This pattern of hyperactivity has been interpreted as compensation for decreased neural efficiency and capacity following neuronal injury, in order to preserve behavioral function (Barulli & Stern 2013) . In MRI studies, HIV has been associated with reduced gray and white matter volume, lower fractional anisotropy and metabolic changes indicative of neuronal loss (Jernigan et al. 2011; Wright et al. 2015; Bairwa et al. 2016) . When choosing risky gambles, HIV-positive (compared with HIV-negative) individuals showed greater activation in the dorsolateral PFC (DLPFC), anterior cingulate cortex (ACC), caudate, basal nuclei and thalamus; in contrast, when choosing safe gambles, they had lesser activation in the DLPFC and ACC (Connolly et al. 2014) .
Many decisions-including those related to health behaviors-are made in the context of uncertainty. For instance, when deciding whether to take a dose of antiretroviral medication, one must weigh the potential costs (e.g. side effects and disclosure of HIV-positive status) and benefits (e.g. suppressed viral load and reduced HIV transmission risk) before deciding. When outcomes are uncertain, people tend to overweigh losses relative to gains, a phenomenon known as loss aversion (Tversky & Kahneman 1992) . Healthy adults typically avoid gambles until the potential gain is 1.5-2 times greater than the potential loss (Tversky & Kahneman 1992) . During the valuation of equal probability gambles, the magnitude of gains and losses has been found to be independently coded in a similar set of regions, which includes the ventromedial PFC (VMPFC), DLPFC, ACC and striatum (Tom et al. 2007) .
While past research has demonstrated that drug addiction and HIV infection are each associated with disrupted decision-making processes, their effects are typically studied independently. Given that drug abuse is highly co-morbid in HIV-positive persons, it is critical to determine if these conditions have synergistic effects on decision-making processes. The current study investigated the independent and combined effects of HIV infection and cocaine dependence on neural activity during the valuation of potential gains and losses in the context of uncertain outcomes. We used the same loss aversion paradigm as Tom et al. (2007) in their seminal study. We hypothesized that cocaine users would be less loss averse (i.e. overweigh gains relative to losses) compared with non-cocaine users and that they would exhibit greater activation in PFC and striatal regions in response to increasing potential gains and lesser activation in these regions in response to increasing losses. We hypothesized that HIV infection would also be associated with reduced loss aversion but greater activity in PFC, PPC and striatal regions in response to the valuation of both increasing gains and losses. Given our hypothesis that cocaine and HIV would each be associated with gain-related hyperactivations, we also tested for potential interactive effects.
MATERIAL AND METHODS

Participants
The sample included adults aged 18-55 years who differed on cocaine and HIV status. Exclusion criteria were as follows: <8th grade education; severe learning disability; illiteracy; non-fluency in English; serious neurological disorders; acute opportunistic brain infections or a history of such infections without return to normal cognition; severe head trauma with loss of consciousness >30 minutes and persistent functional decline; severe mental illness; MRI contraindications; and impaired mental status.
Cocaine (COC) status
COC+ was defined as follows: ≥3 days of cocaine use in the past month or a positive urine drug screen for cocaine; ≥1 year of regular cocaine use; and lifetime cocaine dependence. For COC+, current alcohol or marijuana dependence was permitted if cocaine dependence was the principal diagnosis. Exclusions for COC+ were as follows: any other drug use disorder within the past 20 years; regular use of other drugs in the past year; any other drug use in the past 30 days (other than alcohol and marijuana); and positive urine screen for non-prescribed opioids or amphetamines. COCÀ was defined as follows: no lifetime cocaine use disorder; no history of regular cocaine use; no cocaine use in the past year; and a cocaine-negative drug screen. Exclusions for COCÀ were as follows: current alcohol or marijuana dependence; lifetime abuse or dependence on any other drug; history of regular drug use; any drug use in the past 30 days (other than alcohol and marijuana); and positive urine screen for any other drug.
HIV status
For individuals with diagnosed HIV infection, HIV+ status was verified by medical record review. For others, an OraQuick© rapid test was conducted to verify HIVÀ status.
Procedures
Participants were recruited via advertisements in local newspapers, websites, community-based organizations and infectious diseases clinics. After completing a telephone pre-screen, potential participants completed an in-person screening. Eligible participants returned on another day for an MRI scan. Participants gave informed consent, and all procedures were approved by the Institutional Review Board at the Duke University Health System.
Screening measures
Participants completed demographics and smoking history surveys and provided a urine sample for drug and pregnancy testing. The screening measures included the Wechsler Test of Adult Reading for pre-morbid verbal IQ (Wechsler 2001) ; Structured Clinical Interview for DSM-IV-TR for substance use disorders (First et al. 1996) ; Addiction Severity Index Lite for substance use (McLellan et al. 1992) ; and timeline follow-back for frequency of substance use in the past 90 days (Robinson et al. 2014) . Participants provided a release for their medical records, which were used to obtain HIV disease indicators (e.g. CD4 cell counts). HIV+ participants estimated adherence to their antiretroviral medications using a visual analogue scale (Giordano et al. 2004) .
Functional MRI task
The loss aversion task presents participants with gambles that have an equal probability of gaining or losing a variable amount of money. Gambles were sampled from a matrix that ranged from $0 to $40 in $4 increments for gains and $0 to À$20 in À$2 increments for losses (Fig. 1 ). Participants were extensively trained on the task prior to scanning.
All 120 combinations of gambles (excluding $0/$0) were randomized once and divided across three functional runs (each 6 minutes). The order of the runs was randomized across participants. Participants chose whether to accept or reject each gamble. They were instructed to consider each gamble independently, like a coin flip, and the gambles were not played out during the scan. Each trial was presented for 5.75 seconds, during which participants made their choice, followed by a variable inter-stimulus interval of 2-5 seconds (M = 2.75 seconds). This task was programed in MATLAB R2012a (Mathworks, Natick, MA, USA) using the Psychtoolbox extension (www.psychtoolbox.org). Visual stimuli were displayed via projector onto a screen within the scanner bore, and responses were recorded using an MR-compatible response box held in the right hand.
Participants were told that, after the scan, one trial would be randomly selected. If they had rejected that Figure 1 Illustration of the loss aversion task. For each trial, there was a 2-second presentation period, followed by a 3.75-second response period. To signal the beginning of the response period, the options appeared on the bottom of the screen as 1 = gamble (i.e. accept) or 2 = don't gamble (i.e. reject). Inter-trial intervals (ITI) ranged 2-5 seconds (M = 2.75) gamble, the gamble was not played. If they had accepted that gamble, the outcome was determined with a coin flip. Rewards were scaled: $0 for losses of $11-20, $1 for losses of $0-10, $2 for gain of $1-10, $3 for gains of $11-13, $4 for gains of $21-30 and $5 for gains of $31-40.
To estimate behavioral loss aversion (lambda), a logistic regression predicting participants' choice to accept each gamble was used to generate unstandardized regression coefficients (β values) for gains and losses. Trials with a $0 gain or $0 loss option were excluded from this analysis. As in prior studies, lambda was computed as Àβ loss /β gain ; higher scores indicate greater loss aversion (Tom et al. 2007) .
MRI data acquisition
Imaging was performed on a 3T General Electric Signa EXCITE HD scanner (Milwaukee, WI, USA) equipped with 40 mT/m gradients and an eight-channel head coil. Whole-brain blood oxygen level-dependent (BOLD) images were collected using high-throughput T2*-weighted echo-planar imaging with the following parameters: TR = 2000 ms; TE = 25 ms; FOV = 24.0 cm; flip angle = 90°; in-plane matrix size = 64 × 64; and slice thickness = 3.8 mm, resulting in functional data from 35 axial slices with voxels of 3.75 × 3.75 × 3.8 mm. Highresolution T1-weighted structural images were acquired with the following parameters: TR = 8.156 ms; TE = 3.18 ms; FOV = 25.6 cm; flip angle = 12°; in-plane matrix size = 256 × 256; slice thickness = 1 mm; and number of slices = 166. These images were collected as part of a 90-minute scanning session.
Quality control
Of the 81 participants who completed the experiment, one was excluded because of a procedural error during the scan. Ten participants were excluded because their behavioral performance on the loss aversion task indicated inattention or poor comprehension. Specifically, they were excluded for a negative β gain value (i.e. they were less likely to accept gambles as potential gains increased); a positive β loss value (i.e. they were more likely to accept gambles as potential loss increased); and/or very small regression coefficients that indicated random or heuristic responding (β gain < 0.03 and β loss values more than À0.015). Visual inspection of heatmaps converged with the initial quality control check (see Supporting Information Fig To control for the effects of motion, six motion parameters calculated with MCFLIRT were included as regressors in the first level analyses. We also added mean FD as a covariate in the group comparison model.
Data analysis
Behavioral data
Participants were characterized in terms of demographics, substance use and HIV infection using descriptive statistics. Group differences were identified using χ 2 , ANOVA and Mann-Whitney tests. Loss aversion scores were examined using a 2 (COC+/COCÀ) × 2 (HIV +/HIVÀ) between-subjects ANOVA. All behavioral analyses were conducted in SPSS 22.0.
Functional MRI data
Functional images were processed using FMRIB Software Library FSL v5.0 (Jenkinson et al. 2012) . The first five volumes of each run were deleted to allow for magnetic resonance equilibrium. Functional images were temporally realigned to correct for interleaved slice acquisition, motion corrected using the MCFLIRT linear realignment tool and high-pass temporal filtered (cutoff = 100 seconds). Non-brain voxels were removed from the anatomical images using the brain extraction tool. Functional images were co-registered to participants' anatomical image with a 12-degrees of freedom linear transformation and then normalized to the Montreal Neurological Institute 152 template (2 × 2 × 2 mm) using FNIRT (Andersson et al. 2007) . Functional images were spatially smoothed using a 5-mm full-width halfmaximum Gaussian kernel.
Data from individual runs for each participant were subjected to a general linear model using FILM prewhitening, a temporal derivative and temporal filtering. Explanatory variables were modeled by convolving a delta function representing trial onset times with a canonical (double-gamma) hemodynamic response function. All trials were modeled using a single condition representing overall task-related activation, and two additional orthogonal regressors were included representing the magnitude of the potential gains (gain-related BOLD) and the magnitude of the potential losses (loss-related BOLD). Contrasts were defined for each of these three explanatory variables and then were averaged across the three functional runs for each participant using a fixed-effects model (Beckmann et al. 2003) .
In all analyses, gain and loss were analyzed separately. First, the overall pattern of gain-related and loss-related activations in the sample was examined using onesample t-tests. These whole-brain images were thresholded at z > 3.1. Cluster correction was determined using 3DClustSim using full-width halfmaximum and running 10 000 Monte Carlo simulations on a whole-brain mask composed of 258 298 voxels (https://afni.nimh.nih.gov/) (Ward 2000) . This produced an individual voxel threshold of P < 0.001 and an extent threshold of ≥30 contiguous voxels for an overall corrected false positive rate of P < 0.05. To ensure subsequent analyses were related to the main effects of the gain-related and loss-related activations, a mask was created by adding both gain-related and loss-related main effects using a more liberal threshold of P < 0.01, extent threshold ≥80 voxels.
Second, gain-related and loss-related activations were correlated with behavioral loss aversion scores, which were natural log-transformed and mean-centered. The results of the correlations were masked with the main effects and thresholded at P < 0.001, extent threshold ≥20 voxels for an overall corrected false positive detection rate of P < 0.05.
Third, group differences in gain-related and lossrelated activations were examined using mixed-effects 2 (COC+/COCÀ) by 2 (HIV+/HIVÀ) ANOVAs controlling for motion. ANOVA results were masked with the main effects and thresholded at P < 0.001, extent threshold ≥20 voxels for an overall corrected false positive detection rate of P < 0.05. To reduce the likelihood of Type II errors, clusters that survived P < 0.005, extent threshold ≥40 voxels are also reported. The Harvard-Oxford cortical and subcortical structural atlases were used to identify neuroanatomical locations of activation peaks (Desikan et al. 2006) . Figures were made using MRIcron (www. mccauslandcenter.sc.edu/mricro/).
RESULTS
Participant characteristics
The sample included 47 men and 22 women across four study groups: 21 COCÀ/HIVÀ, 16 COC+/HIVÀ, 17 COCÀ/HIV+ and 15 COC+/HIV+. Participants were primarily non-Hispanic (99 percent) and African American (77 percent) and ranged in age from 24 to 55 years (M = 44.13, SD = 8.08). Table 1 compares the four groups. There were no group differences in demographics. On average, COC+ participants had been using cocaine regularly for 16.97 years (SD = 8.57, range 1-33) and used cocaine on 11.19 (SD = 7.99) of the past 30 days. The predominant route of cocaine administration was smoking (87 percent). Among COC + participants, there was no difference between HIV+ and HIVÀ groups on these characteristics. Current use of alcohol to intoxication, marijuana and nicotine was more common in COC+ compared with COCÀ. All HIV + participants were currently in HIV care. They had been diagnosed with HIV for an average of 14.74 years (SD = 8.05, range 0.33-29). All but one was on antiretroviral therapy, and 87 percent reported taking >90 percent of their medications over the past 4 weeks. Among HIV+ participants, the COC+ and COCÀ groups were comparable on current and nadir CD4 cell counts, AIDS diagnosis and suppressed viral load (<50 copies/ml).
Behavioral performance on the loss aversion task Figure 2a illustrates the pattern of gamble acceptance and rejection across the full sample. Participants were more likely to accept gambles as potential gains increased and more likely to reject gambles as potential losses increased. As shown in Fig. 2b , there was a stepwise pattern in loss aversion scores across groups. The COCÀ/HIVÀ group responded as expected, with a loss aversion score of 1.82 (SD = 0.88). This means that they tended to reject gambles until the potential gain was 1.8 times larger than the potential loss. Other groups had scores lower than is typical (Tversky & Kahneman 1992) . The ANOVA revealed a significant main effect for cocaine [F(1, 65) = 5.45, P = 0.023] and a trend for HIV [F(1, 65) = 3.68, P = 0.059], but no interaction effect [F(1, 65) = 0.35, P = 0.555]. As a post hoc analysis, we used the nonparametric Jonckheere-Terpstra test to assess whether the distribution of loss aversion scores differed based on the number of risk factors (COCÀ/ HIVÀ = 0, COC+/HIVÀ or COCÀ/HIV+ = 1, COC+/HIV + = 2). This test was significant (J* statistic = À2.762, P = 0.006), indicating an additive effect in the presence of both factors.
BOLD activation during the loss aversion task across the full sample
Gain-related activation
As potential gains increased, there was increasing activation bilaterally in the medial PFC [orbitofrontal cortex (OFC) and VMPFC], cuneus, precentral and postcentral gyri, limbic structures (hippocampus, parahippocampus and amygdala) and superior temporal gyri. As potential gains increased, there was also decreasing activation (i.e. deactivation) bilaterally in the DLPFC, dorsomedial PFC (DMPFC), anterior insula, PPC (inferior and superior parietal lobules), dorsal striatum (putamen and caudate), pallidum and cerebellum (Fig. 3a , Supporting Information Table S1 ). Behavioral loss aversion was positively correlated with gain-related activation in bilateral DLPFC and PPC and negatively correlated with activation in bilateral occipital cortex, hippocampus and amygdala, left cuneus and right parietal operculum (Table 2 , Fig. 4) . As a post hoc analysis, we examined the correlations between loss aversion scores and percent signal change extracted from these clusters by group. In gain-related clusters, the correlations were stronger in COCÀ compared with COC +. For example, in the right frontal pole, the correlations were strong and significant for COCÀ/HIVÀ (r = 0.57, P = 0.007) and COCÀ/HIV+ (r = 0.51, P = 0.037), but non-significant for COC+/HIV+ (r = À0.03, P = 0.924) and COC+/HIVÀ (r = 0.27, P = 0.313). In contrast, in loss-related clusters, the correlations were larger for HIV+ compared with HIVÀ. For example, in the left lingual gyrus, correlations were strong and significant for both COC+/HIV+ (r = À0.72, P = 0.003) and COCÀ/HIV+ (r = À0.66, P = 0.004), but non-significant Clusters were thresholded at z > 3.1 (P < 0.001) with ≥30 contiguous voxels for an overall false positive detection rate of P < 0.05. Colored bars represent z-values Figure 2 (a) Contour map illustrating the pattern of choices on the loss aversion task for the sample as a whole. The probability of accepting the gamble ranged from 0 (red) to 1 (blue). Note: N = 68, as one COCÀ/HIV participant completed only two out of the three runs. (b) Bar graph illustrating mean loss aversion scores for each group. COCÀ/HIVÀ participants had the highest scores (i.e. the greatest loss aversion) and COC+/HIV+ participants had the lowest scores (i.e. the least loss averse). Error bars represent the standard deviation from the mean for COC+/HIVÀ (r = À0.24, P = 0.376) and COCÀ/HIVÀ (r = À0.23, P = 0.315).
Loss-related activation
As potential losses increased, there was increasing activation bilaterally in the PPC, DMPFC, DLPFC, anterior insula, pallidum, thalamus and inferior occipital pole. As potential losses increased, there was also decreasing activation bilaterally in the VMPFC, cuneus, anterior and posterior precuneus and the right operculum and middle temporal gyrus. There were no regions where loss-related activation or deactivation correlated with loss aversion scores (Fig. 3b, Supporting Information Table S1 ).
Discrete networks
In the main analyses for gain-related and loss-related activation, two discrete networks of activation emerged. Notes: B = bilateral; BOLD = blood oxygen level-dependent; L = left hemisphere; R = right hemisphere. Clusters were thresholded at an individual voxel threshold of P < 0.001 and an extent threshold of ≥20 contiguous voxels (160 mm 3 ) for an overall corrected false positive detection rate of P < 0.05. Clusters were thresholded at z > 3.1 (P < 0.001) with ≥20 contiguous voxels for an overall false positive detection rate of P < 0.05
The first, which had increased activity in response to increasingly favorable gamble characteristics (increasing gains/decreasing losses), consisted of bilateral mOFC/VMPFC, ACC, cuneus, supramarginal gyrus, superior occipital pole, precentral and postcentral gyri, anterior and posterior precuneus and parietal operculum. The second network, which had increased activity in response to increasingly unfavorable gamble characteristics (decreasing gains/increasing losses), included bilateral DMPFC, DLPFC, lateral OFC (lOFC), anterior insula, PPC, central precuneus, dorsal caudate, pallidum, inferior LOC, inferior occipital pole and cerebellum. There were no regions of overlap between the gamble-favorability and gamble-unfavorability gamble networks. The combination of both networks was used to create the mask applied to the correlational and ANOVA analyses (Supporting Information Fig. S2 ).
Effects of cocaine and HIV on BOLD activation (Table 3) ANOVA of gain-related activation There was a main effect of cocaine in eight clusters (Fig. 5a) . Seven of these were within the gamblefavorability network: Compared with COCÀ, COC+ had greater gain-weighted activation in the bilateral VMPFC and ACC; right precentral gyrus; and left posterior precuneus, superior temporal gyrus and operculum. Conversely, COC+ had lesser gain-related activation in the right PPC of the gamble-unfavorability network. There was also a small main effect of HIV, such that HIV+ had lesser gain-related activation in the right ACC. Interaction effects were observed in the bilateral VMPFC and left posterior precuneus. For both clusters, COC+ was associated with larger activations than COCÀ in HIVÀ participants, but not in HIV+ participants.
ANOVA of loss-related activation
There was a main effect of HIV in 17 clusters in the gamble-unfavorability network (Fig. 5b) : Compared with HIVÀ, HIV+ had lesser loss-related activation in the bilateral VLPFC/lOFC, posterior cingulate, PPC, inferior temporal gyrus, fusiform gyrus and thalamus; right DLPFC, ACC, cuneus, central precuneus and cerebellum; and left DMPFC and pallidum. There were no regions in which HIV+ participants had greater loss-related activation. The ANOVA also revealed a small main effect of cocaine, such that COC+ had lesser loss-related activation in the right VMPFC. There was one interaction in the left ACC. In HIVÀ, COC+ participants had mean deactivations, while COCÀ participants had mean activations; in HIV+, the pattern was reversed.
DISCUSSION
Our primary finding is that cocaine and HIV had distinct effects on the neural substrates involved in the valuation of monetary gambles. As hypothesized, cocaine users were less loss averse than non-cocaine users, and there was an additive effect of HIV, such that HIV-positive cocaine users were the least loss averse. Cocaine use was associated with greater gain-related activation in the VMPFC, ACC and posterior precuneus, while HIV was associated with lesser loss-related activation in several fronto-parietal regions. The effects of cocaine and HIV were mostly independent of one another, with interaction effects identified only in the VMPFC and posterior precuneus in response to gains and ACC in response to losses. These results suggest that the underlying neural mechanisms that contribute to reduced loss aversion in persons with cocaine use disorders and HIV infection may be different.
Our experimental paradigm was based on a study by Tom et al. (2007) , which examined the neural substrates of loss aversion in 16 healthy young adults. They identified both gain-related activation and loss-related deactivation in the DLPFC, VMPFC, ACC and striatum, which led to the conclusion that gains and losses are coded in the same brain regions (Tom et al. 2007 ). In another sample of 56 healthy adults, gain-related activation was similarly identified in the OFC and DLPFC, cingulate, thalamus and right striatum (Canessa et al. 2013) . This group also identified loss-related activation in the right amygdala and somatosensory cortex and thus concluded that the valuation of potential gains and losses involves multiple neural systems (Canessa et al. 2013) . Like both of these studies, we identified overlapping gain-related activations and loss-related deactivations in mOFC/VMPFC and ACC (i.e. gamblefavorability network), regions that are frequently linked to reward-based decision making (Rushworth et al. 2011) . In this network, we also identified limbic (i.e. amygdala and hippocampal) activation in response to gains, which is consistent with other studies supporting the role of the limbic system in loss aversion (De Martino et al. 2010; Sokol-Hessner et al. 2013) . Behavioral loss aversion scores were negatively correlated with gain-related activation in the gamble-favorability network, meaning that individuals who were less loss averse had greater activations in response to increasing potential gains.
In our sample, we also detected a network associated with the unfavorability of gambles (i.e. gain-related deactivation and loss-related activation) that encompassed regions typically linked with cognitive control (DLPFC/DMPFC, PPC, caudate, basal ganglia and thalamus) (Venkatraman et al. 2009; Niendam et al. 2012) . Behavioral loss aversion scores correlated positively with gain-related activation in this network, meaning that individuals who were more loss averse had greater activation in response to increasing potential gains. The gamble-unfavorability network may represent the monitoring and oversight of incentive-based behavioral responses when multiple options need to be evaluated and compared (Haber & Knutson 2010) . Altogether, the reward-based/limbic network may mediate emotion-driven influences on gamble selection, while the cognitive control network is sensitive to factors that make gamble selection more difficult (e.g. increasing potential loss) and contributes to deliberate, conscious Notes: ACC = anterior cingulate cortex; DLPFC = dorsolateral prefrontal cortex; DMPFC = dorsomedial prefrontal cortex; PPC = posterior parietal cortex; VLPFC = ventrolateral prefrontal cortex; OFC = orbitofrontal cortex; VMPFC = ventromedial prefrontal cortex. Clusters were thresholded at an individual voxel threshold of P < 0.005 and an extent threshold of ≥40 contiguous voxels (320 mm 3 ) for an overall corrected false positive rate of P < 0.05. Clusters that survived an individual voxel threshold of P < 0.001 and an extent threshold of ≥20 contiguous voxels (160 mm 3 ) are marked with an asterisk.
decisions to accept or reject each gamble. Both networks, working together, inform reward-based decision making.
As expected, we found that cocaine users were significantly less loss averse than non-cocaine users. Furthermore, cocaine users had greater gain-related activation than non-cocaine users in several regions in the gamble-favorability network. These differences were evidenced primarily in response to gains, not losses. While drug abuse is associated with striatal hypoactivation in tasks involving monetary reward anticipation (Luijten et al. 2017) , there has been less research on the role of the PFC in monetary decision making (Goldstein & Volkow 2011) . There is evidence that cocaine users may be less sensitive to increases in monetary rewards (Goldstein et al. 2007) , but this may depend on the range of values. For example, Goldstein et al. (2007) found that cocaine users overvalued small rewards and undervalued large rewards (up to $1000) and that this reduced sensitivity to increasing reward value correlated with greater activations in the lOFC/VLPFC. The gambles in our study had gain values ranging from $0 to $40, which may help to explain the observed hyperactivation in the medial PFC and ACC. Our results support the hypothesis that risky choice in cocaine users may relate to an overactive reward-seeking system. HIV infection appeared to moderate this effect in the VMPFC and posterior precuneus, such that the cocaine-associated hyperactivity observed in HIV-negative individuals was reduced in HIV-positive individuals. While we speculate that the neurocognitive effects of HIV may diminish reward responsivity, more research is needed.
In contrast to cocaine, the effect of HIV on behavioral loss aversion appears to be driven by alterations in neural activation in response to the magnitude of loss. Differences were found primarily in the gambleunfavorability network, suggesting an underactive cognitive control system in the valuation of potential losses. Compared with HIV-negative participants, HIVpositive participants had lesser activation in the VLPFC, lOFC, dorsal PFC, central precuneus, PPC and thalamus. This finding is consistent with a growing number of studies that have identified HIV-associated alterations in the fronto-parietal network. While a recent review concluded that HIV-positive persons demonstrate hyperactivity in task-relevant regions despite equivalent performance (Hakkers et al. 2017 ), a few studies have also reported hypoactivations. For example, Plessis et al. 2015) found that HIV was associated with hypoactivation in the ventral striatum during a task involving reward anticipation and reward outcome. Consistent with compensation theory (Barulli & Stern 2013) , two recent studies have shown that HIV-positive participants exhibit greater activation on easier tasks, but lesser activation as the task becomes more difficult (Caldwell et al. 2014; Meade et al. 2016) . In another functional MRI study that examined decision making in the context of uncertainty, HIV-positive individuals had greater activation than HIV-negative individuals in the ACC, DLPFC, basal ganglia and thalamus when choosing risky gambles, but lesser activation in the ACC and DLPFC when choosing safe gambles (Connolly et al. 2014) . The authors suggested that this may reflect overvaluation of larger rewards that are associated with uncertain outcomes (high gain/high risk) (Connolly et al. 2014) . Thus, inconsistencies may reflect differences in the experimental paradigms utilized across studies. Collectively, these studies indicate that HIV is associated with dysregulation in fronto-parietal and subcortical regions during risky decision making. Future studies with experimental tasks that parse out the effects of risk probability and gain/loss magnitude are needed to understand the context in which compensatory activation emerges. This is the first neuro-imaging study on loss aversion conducted with a clinical sample characterized by drug abuse and HIV infection-two conditions that commonly co-occur. The strengths of our study include a robust sample size of 69, closely matched groups in terms of demographics, cocaine use and HIV disease characteristics and the use of a previously validated paradigm to examine neural activation in response to gain and loss valuation during economic risky choice. Because both cocaine and HIV are known to affect the neural systems involved in decision making, it is not surprising that we found a wider range of neural responsiveness to both gain and loss than previously reported. Nevertheless, comparisons with previous studies should be interpreted with caution, because subtle variations in data collection, processing and statistical modeling would affect results. Our study is also not without limitations. Despite the relatively large sample, we were underpowered to detect small interaction effects between cocaine and HIV on the neural processing of gain and loss. Next, to simplify the interpretation of the main effects in this multi-group analysis, this study focused on identifying responses to gain and loss separately. This strategy allowed us to identify the unique effects of HIV and cocaine on the discrete networks associated in the valuation of risky monetary choices. Future studies may consider also examining the simultaneous evaluation of loss and gain, as was carried out as a follow-up analysis in the Tom et al. (2007) study. Furthermore, while we refer to discrete gain-related and loss-related networks, we did not perform analyses of functional or effectivity connectivity of these networks. Such analyses could determine the extent to which these networks overlap in space or function. Finally, although participants were excluded for any history of 'hard' drug use, we permitted the use of alcohol, marijuana and nicotine because of their high prevalence in cocaine-using populations. Because cocaine users were indeed more likely than the noncocaine users to use these substances, it is possible that the identified effects are not specific to cocaine, but rather to polydrug use. Further research is necessary to characterize whether the neurobehavioral alterations arising from polydrug use differ from those observed in single-drug use.
In conclusion, we speculate that the diminished loss aversion observed in HIV-positive cocaine users may be driven by the combined impact of an overactive rewardseeking system and an underactive cognitive control system. Specifically, this group evidenced distinct neural activation patterns related to cocaine dependence in the network associated with the evaluation of the favorable characteristics of the gamble (involving VMPFC, lOFC, ACC and posterior precuneus) and HIV infection in the network associated with the evaluation of the unfavorable characteristics of the gamble (involving fronto-parietal regions). These neural alterations may help to explain the high rates of risk taking in HIVpositive drug users, including sexual risk behaviors and poor medication adherence that contribute to the forward transmission of HIV to others. Treatment approaches that reward the inhibition of unhealthy behaviors (e.g. contingency management) may capitalize on the hyper-responsivity to gains observed in persons with cocaine use disorders. At the same time, cognitive training interventions that improve functioning of the cognitive control system in HIVpositive persons may improve decision making by increasing responsivity to unfavorable risks. Multipronged interventions that target both of these neural systems may have promise for improving decision making in this high-risk group.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article. Figure S1 . Matrix maps of choices on the coin flip task from four example participants. Each trial was a combination of 11 potential gains and 11 potential losses (excluding the $0 gain/$0 loss option), resulting in 120 trials. Accepted gambles are shown as gray squares, rejected gambles are white squares, and missed trials are blue squares. The top row shows examples of two participants who responded consistently, with loss aversion scores of 2.02 and 1.31 in A and B, respectively. The bottom row shows examples of two participants who were excluded from subsequent analyses for random responding. Figure S2 . Separable networks of gain and loss-related BOLD activation. Green depicts regions of activation in response to increasingly favorable gambles (increasing gains and decreasing losses): ventromedial prefrontal cortex (VMPFC), cuneus (Cun), visual cortex (VC), precuneus (PC), parietal operculum (PO), occipital pole (OP), and lingual gyrus (LG). Red depicts regions of activation to increasingly unfavorable gambles (decreasing gains and increasing losses): dorsomedial prefrontal cortex (DMPFC), dorsolateral prefrontal cortex (DLPFC), lateral orbitofrontal cortex (OFC), posterior parietal cortex (PPC), anterior insula (AI), pallidum (PAL), and frontal pole (FP). Clusters were thresholded at z > 2.3 (p < .01) with ≥80 contiguous voxels for an overall false positive detection rate of p < .05. This image represents the mask applied to the correlation and ANOVA results; the combination of both networks was used to create the mask. Table S1 . Gray matter activations in response to increasing gains and losses (N = 69).
